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Abstract 
This study investigates the effect of process parameters on the temperature and energy partition during micro-grinding by finite element 
modeling (FEM) simulation and experimental validation. Finite element model was is used to predict the workpiece and chip temperature under 
different grinding conditions by refining the micro-grinding temperature field. Based on detailed analysis and physics-based modeling, the 
temperature on workpiece and chips are predicted. The finite element modeling and experimental validation have been presented herein for the 
micro-grinding energy partition into chips with chip temperature consideration. The results show that the temperature and energy partition 
investigation can help optimize the grinding process for minimized thermal damages. The results indicate that the pursuit of reducing energy 
partition into workpiece can be achieved not only by improving grinding speed, but also by increasing the workpiece speed and reducing the 
depth of cut appropriately. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
High-strength maraging steels are excellent materials for 
use as high-performance components in aerospace, aircraft, 
and precise tooling industries [1]. Micro-scale grinding is 
essentially a polish process that provides a competitive edge in 
fabrication of small-sized features and parts compared with 
other processes [2]. The quality of the parts produced by 
micro scale grinding is influenced by various factors related to 
the mechanical and thermal loadings induced [3]. The thermal 
flux generated in grinding processes is the main factor 
responsible for thermal damage to the ground surface [4]. This 
can affect the surface quality and the geometrical accuracy of 
the workpiece [5]. Some of the observed defects are: surface 
burns, microstructure changes, and residual stresses. Research 
on temperature during grinding has received much attention 
from researchers and developers due to their importance in 
determining the machining properties of maraging steels. 
Thermal contact zone analytical modeling is an important 
tool to the grinding researcher due to their ability to predict 
the temperatures along the contact length between the grinding 
wheel and the workpiece. The concept of thermal contact zone 
models began when Jaeger [6] published his work on 
temperatures in 1942. The methods used to calculate the 
temperature profile under a rectangular moving heat source 
was described. However, this approach is only suitable for 
shallow grinding where the contact angle is very small. 
Therefore, as the depth of cut increases it is necessary to 
include the contact angle into the calculations, as proposed by 
Rowe [7]. The heat distribution ratio calculation is performed 
at low speed using the constant value of specific grinding 
energy and there is no modelling of the chip. Some thermal 
analytical models [8-9] adopted the Hahn model [10], 
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unfortunately these does not consider the influence of the 
workpiece speed on the energy partition. Since workpiece 
speed is closely related to the removal rate, the influence of 
energy consumption and absorption by material removal rate 
should not be ignored.  
In addition to the complicated physics-based methods, 
grinding induced thermal is often evaluated by some 
simulations. Meanwhile, the finite element (FE) methods have 
been proved an effective way to predict temperature and 
stresses affected energy partition by adopting a moving heat 
source method together with kinematics, geometry, and 
energetic aspects of machining process. Existing research [11] 
was carried out based on a finite element simulation, the 
simulation model of micro-grinding with single grit was 
established and tentative to experimentally validate it are 
proposed. But most of temperatures exceed 400 °, some even 
as high as 600 °, which are completely different from the 
engineering experiment results. Therefore, it is necessary to 
analyze the grinding zone temperature in order to control the 
workpiece surface quality and improve the efficiency. 
In this study, the temperature during micro-grinding is 
investigated, aiming at reducing the damage of the thermal 
and offering better understanding the processing parameters 
effect on the micro-grinding thermal loading. The thermal and 
mechanics effects on a micro-grinding zone are predicted 
using a finite element model. Based on micro-grinding 
mechanics and thermodynamic analysis, the temperature on 
chips and workpiece is predicted. The methodologies of 
experimental validation and FE methods is presented herein 
for the micro-grinding energy partition with parameters 
consideration. A comparison between results of experimental 
and FE method prediction model is performed. Experimental 
validations are provided to support the analysis approach. 
Here introduce the paper, and put a nomenclature if necessary, 
in a box with the same font size as the rest of the paper. The 
paragraphs continue from here and are only separated by 
headings, subheadings, images and formulae. The section 
headings are arranged by numbers, bold and 10 pt. Here 
follows further instructions for authors. 
2. Experiments 
2.1. Micro-grinding Experiments 
Maraging steel used in this study is ductile in the solution-
treated condition and attains ultrahigh tensile strength after 
aging at the range of 850/950 °F (454/510 °C). Micro-
grinding experiments are carried out on a Moore G18-CNC 
jig grinder. The maximum rotational speed of the wheel 
spindle is 150000 rpm. The acquisition system and the 
relevant signals of temperature and force are shown Fig.1. 
Surface temperature in the grinding zone is tested by a 
contacting single-pole thermocouple with IN USB9213 
acquisition instruments. The grinding forces are measured 
using a KISTLER dynamometer and LMS acquisition system. 
The cone angle and abrasive grit cutting edge radius on the 
230-grit metal bonded CBN grinding wheel can be estimated 
from the profile plot of 3D digital microscope (HIROX, KH-
7700) as shown in Fig.2. The average value of 50 profile plots 
provides the abrasive grit cutting edge radius, cone angle and 
number of abrasive grit at per unit area. The cone angle is 
2.11 rad and the radius of abrasive grit height is 13 μm.  
 
Fig. 1. Experimental and measuring equipment 
 
 
Fig.2. Measurement of CBN grinding wheel by 3D digital microscope  
2.2. Finite Element Modeling 
In order to investigate the mechanism of between wheel 
and abrasive and the process of chip formation during micro-
grinding, finite element model with single grit is established 
by the ABAQUS software (Fig. 3). In the simulation of 
grinding process, the energy is mainly generated from the 
deformation of grinding workpiece, the fracture, the friction 
between grinding grain and workpiece, etc. The energy 
transform to the workpiece, wheel and chips and liquid. In 
this study, the experiments are dry grinding. Therefore, the 
heat partition into liquid can be ignored. It has been found that 
the occurrence of the maximum temperature is instantaneous 
and incidental, and concentrated in the chip and the contact 
shear surface between chip and workpiece. The maximum 
temperature gathering parts break away from the workpiece 
with the grain cutting action rapidly and there is not enough 
time for the heat transfer into the workpiece. As the shear 
friction coefficient is susceptible to the processing conditions, 
it can be calibrated by the backward calculation with the 
experimental temperature. The FEM will be applicable for  
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Fig. 3. Micro-grinding finite element model 
specific and characteristic of the micro-grinding process and 
move from the abrasive-workpiece interaction to the grinding 
wheel-wokpiece with the experimental calibrated shear 
friction coefficient. 
The material deformation behavior on the shear plane 
model used in simulation, which is given by Johnson-Cook 
model:      1 ln * 1 * hnA B C TV H H                         (1) 
 
where  ε is strain, *H  is dimensionless plastic strain rate,  T* 
is homologous temperature, A, B, C, h, n are constants of the 
Johnson-Cook model for maraging steel 250. The values of 
these are taken from Jakus et al. [12]. 
Grit and workpiece material physical properties are shown 
in Table 1. All the related settings and conditions in 
simulation are shown in Table 2. 
Table 1 Properties of workpiece and grit 
 
Young’s 
modulus 
GPa 
Poisson’s 
ratio 
Density 
Kg·m-3 
Thermal 
capacity 
J˄kg·K-1 
Thermal 
conductivity 
W(m·K)-1 
W 190 0.31 7.83 477 25.3 
G 720 0.13 3.40 682 1300 
W: workpiece; G: grain 
Table 2 FEM parameters and conditions 
Cooling/grinding ways Up and dry grinding 
Grit CBN, rigid bodyˈcone angle 106° 
Workpiece Maraging steel, plastic body 
Mesh ALE self-adaptive mesh, CPE4RT 
Relations definition Master: grit  Slave: workpiece, calibrated 
shear friction coefficient: 0.25, heat transfer 
coefficient : 40N/s/mm/C 
3. Energy Partition Analysis  
The total heat flux, qt, is partitioned by the workpiece, 
grinding wheel, grinding chips and grinding fluid, which can 
be expressed as: 
t w g chq q q q                                                                      
(2) 
where qw is heat flux into workpiece,  qg is heat flux into 
grinding wheel and qch is heat flux into chips. 
The total heat flux generated in the grinding zone qt and 
specific grinding energy ec can be expressed as [13]: 
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where Pnet is grinding power measured by power meter, ap is 
depth of cut, vw is workpiece feed rate, lc is the contact length 
and b is grinding width. 
The chip temperature can be acquired by simulation. The heat 
flux to chip can be estimated as: 
'
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The heat flux to the chips can then be estimated as: 
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                                                                             (6) 
The heat partition ratio, Rw, representing the percentage of 
the total grinding heat that is partitioned just to the workpiece, 
can be determined as [14]: 
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The heat flux to the workpiece determined by the thermal 
conductivity k, density ρ and specific heat capacity c. 
The energy partition to wheel Rs can be expressed as 
1  s w chR R R                                                                (8)     
4. Results and Analysis  
After grinding, the maximum temperatures on the surface 
recorded as the maximum temperature of workpiece. The 
maximum temperature of the chip is obtained at the moment 
of chip formation. The grinding parameters condition for 
experiments and EFM simulations are listed in Table 3. 
Table 3. Grinding process parameters 
No Wheel speed  Feed rate Depth of cut Materials remove rate  
vs[m/s] vw[m/s] ap[um] Q’w[mm3/mms] 
1 6.28 0.0157 1.5 0.02355 
2 9.42 0.0157 1.5 0.02355 
3 12.56 0.0157 1.5 0.02355 
4 9.42 0.01963 2 0.02355 
5 6.28 0.01308 3 0.02355 
6 9.42 0.01963 1.5 0.02945 
7 9.42 0.02355 1.5 0.03533 
8 9.42 0.02617 1.5 0.03925 
 
As expected, the maximum temperature of the grinding 
surface is only 41.1-60.9% of the maximum temperature of 
chips, as shown in Fig.4. With the calibration, the 
experimental workpiece surface maximum temperatures are 
1.05-1.15 times of the FEM results. Experiment results 
strongly support the FEM and analysis method of the 
simulation. With the increase of wheel speed, the maximum 
workpiece surface temperature is increasing. Improving both 
of the wheel speed and the workpiece speed and reducing 
grinding depth cloud decrease the temperature. Moreover, the 
temperature decreases at higher removal rate by using faster 
feed. 
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Fig. 5. Variation of energy partition with different parameters 
The variation of energy partition with different parameters are 
investigated. Fig.5. (a) shows that keeping the workpiece 
speed and depth of cut constant and improving the wheel 
speed, the heat partition ratio to the chip and wheel declined 
slightly. Therefore heat partition ratio into the workpiece 
increased, leading to the rise of workpiece surface 
temperature. It illustrated that simply to improve the grinding 
wheel speed is unfavorable to grinding. As shown in Fig. 5(b) 
the material remove rate remains unchanged, with the 
increasing of wheel speed and workpiece speed, heat 
distribution ratio of workpiece has declined considerably. At 
the same time CBN grinding wheel will take more quantity of 
heat with its good thermal conductivity. Therefore, in order to 
reduce the energy partition to workpiece, the grinding wheel 
speed as well as the workpiece speed should be improved 
appropriately. In Fig. 5(c) only improving the workpiece 
speed, the energy partition into grinding wheel Rs is increased 
more than 15% and chip’s Rch is more than 10%. So the heat 
partition ratio into the workpiece Rw drop by 30%. Therefore 
the results showed that under the high wheel speed condition, 
increasing workpiece speed appropriately can further reduce 
the workpiece surface temperature. 
 
 
 
Fig.4. Comparison of experimental and FEM temperature 
5. Summary  
This study established FEM model and experiments with 
temperature measurement for the prediction of temperature 
during micro-grinding. Through detailed analysis of micro-
grinding zone temperature, it is found that the maximum 
temperature of the grinding surface is only 41.1-60.9% of the 
maximum temperature of chips. The comparison of 
experimental and FEM workpiece temperatures results 
confirmed that the proposed refining temperature field 
analysis method is appropriate for the FEM model predictions 
of temperature. About 10% to 20% of grinding heat partition 
ratio into chip can be achieved by increasing the speed of 
workpiece and decreasing depth of cut. Workpiece speed 
effect the energy partition into chip more obvious compared 
with other grinding parameters. Improving both of the wheel 
speed and the workpiece speed and reducing grinding depth 
cloud decrease the temperature. The energy partition into 
workpiece, wheel and chip are worth more investigations in 
the future. 
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